Courtship behavior in male green anoles is partly mediated by the 5␣-reductase enzyme, which converts testosterone (T) to 5␣-dihydrotestosterone. This study aimed to determine whether the activity of 5␣-reductase is enhanced in breeding males compared to females and nonbreeding males who do not normally display masculine behaviors. In some cases, aromatase, which converts T to 17␤-estradiol, also was assessed to determine whether the pattern of its activity in anoles is similar to that in other vertebrates. 5␣-Reductase is greatest in the brainstem, so its activity was determined separately in homogenates of whole brain and brainstems. The following comparisons were done in different assays: (1) breeding males with breeding females, (2) nonbreeding males with nonbreeding females, and (3) breeding males with nonbreeding males. Aromatase activity was greater in breeding males (mean ؎ SE, 0.61 ؎ 0.06 fmol/min/mg protein) than in breeding females (0.41 ؎ 0.08 fmol/ min/mg protein). It was also greater in breeding males (0.84 ؎ 0.16 fmol/min/mg protein) than in nonbreeding males (0.33 ؎ 0.07 fmol/min/mg protein). In contrast, sex or seasonal differences did not exist in 5␣-reductase activity. The results are consistent with those of other vertebrate species in which male-biased sex dimorphisms and seasonal differences occur in aromatase, but not in 5␣-reductase activity. The greater levels of aromatase activity in breeding male anoles suggest that this enzyme might mediate malespecific functions. The equivalently high levels of 5␣-reductase activity in both sexes suggests that, in addition to facilitating male courtship behavior, the enzyme has a basic function common to both sexes.
INTRODUCTION
Testosterone (T) plays an important role in activation of reproductive behaviors in male vertebrates. The behavioral effects of T are typically mediated by its conversion in the brain into 17␤-estradiol (E2) by the aromatase enzyme (reviewed in Lephart, 1996) or into 5␣-dihydrotestosterone (DHT) by the 5␣-reductase enzyme (reviewed in Martini, 1982) . The behavioral relevance of these two pathways depends on the species and the behavior. For example, neural aromatization of T is required for the complete expression of masculine copulatory behavior in rats (Davidson, 1969; Christensen and Clemens, 1975) and Japanese quail (Watson and Adkins-Regan, 1989) . For other species, 5␣-reduction of T appears to be more critical. For example, DHT can reinstate masculine calling and amplectic clasping in amphibians (Kelley and Pfaff, 1976; Moore and Miller, 1983; Wetzel and Kelley, 1983; Penna et al., 1992) and copulatory postures in whiptail lizards (Lindzey and Crews, 1986; Mayo and Crews, 1987; Wade et al., 1993) . In other species, treatment with 5␣-reductase inhibitors attenuates T-mediated behaviors, such as chemoinvestigation in male hamsters (Steel and Hutchison, 1988) and penile erections in rats (Bradshaw et al., 1981) .
Male sexual behaviors in green anole lizards (Anolis carolinensis) are also androgen dependent. In this species, male courtship displays involve rapid bobbing of the head and extension of a large, red throat fan, called a dewlap (Greenberg and Noble, 1944) . These behaviors are followed by copulation if the female is receptive. Although T is consistently the most effective facilitator of sexual behavior in male anoles (Noble and Greenberg, 1941; Mason and Adkins, 1976; Crews et al., 1978; Adkins and Schlesinger, 1979; Winkler and Wade, 1998; Rosen and Wade, 2000) , hormonal manipulation studies suggest that 5␣-reduction also plays an important role. For example, peripheral or central administration of the 5␣-reduced metabolite DHT reinstates sexual behavior in castrated male anoles (Adkins and Schlesinger, 1979; Crews and Morgentaler, 1979; Huang, 1979 ; but see Crews et al., 1978, and Wade, 2000) , and preventing its production (inhibiting 5␣-reductase activity) blocks the effects of T on behavior (Rosen and Wade, 2000) . Aromatase activity does not appear to play as critical a role. Systemic administration of E2 alone is ineffective in facilitating male sexual behaviors (Mason and Adkins, 1976; Crews et al., 1978; Winkler and Wade, 1998) , and inhibition of the aromatase enzyme by Fadrozole does not prevent the behavioral effects of T in male anoles (Winkler and Wade, 1998) . However, E2 can restore male anole courtship behavior if directly implanted into the anterior hypothalamus/preoptic area or administered peripherally with DHT .
The general distribution of 5␣-reductase in the anole brain also parallels the role of this enzyme in sexual behaviors. High levels of 5␣-reductase activity occur in the brainstem, and lower levels are detected in telencephalic homogenates (Wade, 1997) . The brainstem in green anoles contains the motoneurons that control dewlap extension (Font, 1991; Wade, 1998) . In contrast, aromatase activity is highest in the forebrain, particularly in the anterior hypothalamus/preoptic area (Wade, 1997) . As in other vertebrates, these regions mediate the hormonal regulation of sexual behavior, since lesions in the general area inhibit courtship behavior in male anoles (Wheeler and Crews, 1978; Farragher and Crews, 1979) , and it contains both estrogen and androgen binding sites (Martinez-Vargas et al., 1978; Morrell et al., 1979; G. Rosen et al., submitted) .
Because the conversion of T to DHT is important for male courtship behavior in green anoles (see above), the present study was designed to determine whether the androgen metabolizing enzyme, 5␣-reductase, is enhanced in breeding males. Because courtship behavior is displayed only by these individuals (see Moore and Lindzey, 1992) , the enzyme activity should be (1) greater in males than females during the breeding season, (2) greater in breeding than in nonbreeding males, and (3) equivalent in males and females during the nonbreeding season. In addition, the predicted differences might be specific to the brainstem, since most 5␣-reductase activity occurs in that region (Wade, 1997) . Aromatase activity also was assessed in some cases to determine whether the general pattern of its activity in anoles was similar to that in other vertebrates.
MATERIALS AND METHODS

Animals
Male and female lizards were obtained from Buck's Live Animals and Fluker Farms in Louisiana and housed in the lab at least 2 weeks prior to killing. Animals were sampled during both the breeding (May-July) and the nonbreeding (October) seasons. Breeding animals were kept under long-day photoperiod (14L:10D h), whereas nonbreeding animals were maintained under short-day conditions (10L:14D h). A heat lamp was provided for each cage. Lizards were fed crickets or meal worms two to three times per week.
Experimental Design
Multiple assays were done to determine the effects of sex and season on 5␣-reductase activity. The following comparisons were made (see Table 1 for sample sizes): (1) breeding males versus breeding females, (2) nonbreeding males versus nonbreeding females, and (3) breeding versus nonbreeding males. Each comparison was first done using whole brains that had been previously frozen (see below). To optimize the chances of the detection of subtle sex differences, the assays comparing males and females during the breeding and nonbreeding seasons were repeated with fresh tissue and with greater sample sizes (tissue condition, fresh or frozen, is indicated for each assay in Table 1 ). Because the majority of 5␣-reductase activity occurs in the brainstem of this species (Wade, 1997) , additional assays compared the enzyme's activity in the brainstem of males and females during the breeding season. Aromatase activity was simultaneously measured with 5␣-reductase activity in one assay from each of the three comparisons. However, aromatase was measured only in whole brains because the activity is low overall, and tissue from many animals would have to be pooled to detect it within specific regions (see Wade, 1997) . The pooling of tissue from a large number of animals might obscure individual variability and complicate potential interpretations.
Tissue Preparation and Assay Procedure
Animals were rapidly decapitated, and the brains were dissected. For analyses involving whole brains, the tissue was either flash-frozen on dry ice and stored at Ϫ80°or homogenized individually in 500 l sucrose phosphate buffer (250 mM sucrose, 50 mM potassium phosphate buffer) for immediate use. For assays of brain parts, the whole brain was kept cold on wet ice and a razor blade was used to dissect the brainstem from the remaining tissue (forebrain, optic tectum, and cerebellum). The brainstems were immediately homogenized in sucrose phosphate buffer and assayed, and the remaining parts of the brain were left intact, flash-frozen on dry ice, and stored at Ϫ80°until analysis. Based on the results of a preliminary assay, brainstems from two males or two females were pooled prior to being homogenized in 500 l sucrose phosphate buffer to optimize detection of enzyme activity. The remaining tissue from the dissections was pooled from the same pairs of animals that were pooled together in the assay of brainstems. The breeding state of each lizard was confirmed by visual inspection of the gonads. All breeding males had medium to large testes with hypertrophied accessory sex ducts, and breeding females had at least one yolking follicle. The gonads and ducts were regressed in nonbreeding animals.
The assay procedure has been fully validated for green anole brains (Wade, 1997) . Briefly, homogenized tissue was incubated for 50 min at 27°in duplicate aliquots of 250 l. This included 50 l of cofactors and a saturating concentration of [ 3 H]T that had been dried in the test tubes (New England Nuclear; specific activity 95.0 -96.5 Ci/mmol; repurified by thin-layer chromatography (TLC) prior to use). The reaction was stopped by freezing the tubes in a methanol/dry ice bath, and the resulting steroid products were extracted three times with ether. The androgens and estrogens were separated from each other by phenolic partition, and individual androgens and estrogens were further separated by TLC. The steroids of interest (T, DHT, E2) were scraped from the TLC plates and eluted in aqueous methanol. Radioactivity associated with the steroid products was measured with a Beckman liquid scintillation counter. Protein content of each sample of homogenate was measured using the Bradford method (Bradford, 1976 ; Bio-Rad kit). Activity of 5␣-reductase was quantified as the rate of conversion of T to DHT (fmol/min/mg protein), and aromatase activity was quantified as rate of conversion of T to E2 (fmol/min/mg protein). Two-tailed t tests were used to analyze sex or seasonal differences for each assay.
RESULTS
5␣-Reductase Activity
The activity of 5␣-reductase in whole brains from breeding males and females was measured in five separate assays. In all five, 5␣-reductase activity was slightly greater in males than in females (Table 1 , lines 1-5). However, this difference was statistically significant in only one assay (Table 1, line 3) . The analysis of brainstem homogenates also revealed no sex difference in 5␣-reductase activity (Table 1, line 6). Similar to breeding animals, whole-brain homogenates from nonbreeding males contained greater 5␣-reductase activity than those from nonbreeding females, but the difference was significant in only one of two assays (Table 1 , lines 8 and 9). Season did not affect 5␣-reductase activity in males; the enzyme's activity was equivalent in the breeding (n ϭ 6) and nonbreeding (n ϭ 6) seasons (mean activity in breeding males ϭ 42.09 fmol DHT/min/mg protein; that in nonbreeding males ϭ 42.03 fmol DHT/min/mg protein; t ϭ 0.005, P ϭ 0.996).
Aromatase Activity
Unlike 5␣-reductase, aromatase activity was dependent on both sex and season. In whole-brain homogenates from breeding males and females, aromatase activity tended to be greater in males (t ϭ 2.14; P ϭ 0.06; Fig. 1A ), whereas in whole-brain homogenates from nonbreeding animals, enzyme activity was equivalent in both sexes (t ϭ 0.43; P ϭ 0.68; Fig. 1B) . Accordingly, aromatase activity was significantly greater in breeding than in nonbreeding males (t ϭ 3.02; P ϭ 0.01; Fig. 1C ).
DISCUSSION
The present study indicates that sex and seasonal differences exist in aromatase but generally not in 5␣-reductase activity in the green anole lizard. Specifically, aromatase activity was greater in breeding males than in both breeding females and nonbreeding males. In contrast, 5␣-reductase activity in most cases was equivalent in whole brains and brainstems from males and females within the breeding and nonbreeding seasons. Similarly, activity of this enzyme did not differ between breeding and nonbreeding males. These results suggest that 5␣-reductase plays important roles in both sexes, and the functions of the enzyme are not limited to facilitation of reproductive behaviors in males. In addition, the data are consistent with the idea that aromatase, but not 5␣-reductase, is regulated by T.
Like green anoles, sex and/or seasonal differences in neuronal aromatase activity have been documented in species ranging from teleosts to mammals (Reddy et al., 1973; Callard et al., 1977 Callard et al., , 1981 Callard et al., , 1983 Roselli et al., 1985; Schlinger and Callard, 1987; Schlinger et al., 1989; Silverin and Deviche, 1991; Soma et al., 1999; Gobbetti et al., 1994) . Similar effects on 5␣-reductase have been detected in a few cases. For example, male-biased sex differences in the enzyme's activity are present in the hypothalamus and/or preoptic area of the rat (Denef et al., 1973) , little brown bat (Callard et al., 1983) , and Japanese quail (Schumacher and Balthazart, 1986) . Similarly, in the Wilson's phalarope, 5␣-reductase is greater in the anterior hypothalamus/preoptic area of breeding than of nonbreeding males (Schlinger et al., 1989) . However, the enzyme activity is generally similar between the sexes and seasons (Denef et al., 1973; Schumacher and Balthazart, 1986; Schlinger and Callard, 1987; Silverin and Deviche, 1991) . The different patterns in the regulation of aromatase and 5␣-reductase are mainly due to T sensitivity. That is, studies of birds (Schumacher and Balthazart, 1986; Steimer and Hutchison, 1990 ) and mammals (Reddy et al., 1973; Roselli et al., 1984 Roselli et al., , 1985 Steimer and Hutchison, 1990 ; Sample sizes (n) are given in parentheses. For assays of brainstem and "rest of brain" (forebrain, optic tectum, cerebellum), sample size is the number of pools, in which each pool consisted of tissue from two animals of the same sex. Hutchison et al., 1991; Romeo et al., 1999) suggest that aromatase is upregulated by T in regions of the brain associated with male reproductive behaviors, whereas 5␣-reductase activity in the central nervous system is typically not modulated by the presence of the androgen (reviewed in Martini, 1982) . In the present study, the values of aromatase activity were more variable in nonbreeding than in breeding males across assays (Fig. 1) . However, even in the nonbreeding males, the absolute difference in means was still relatively small. A reason for the interassay variation is not obvious, but it emphasizes the importance of only comparing groups within the same assay.
The pattern of enzyme activity in the green anole brain has several interesting functional implications.
Although 5␣-reductase activity was not sexually dimorphic in the present study, it remains possible that the enzyme mediates sexual behavior in both sexes, but acts on different hormone substrates. In male anoles, 5␣-reductase affects sexual behaviors by acting on T. This androgen predominates in the circulation of breeding male anoles (reviewed in Crews, 1980; Moore and Lindzey, 1992) and it is potent in activating courtship and copulatory behaviors in castrated males (Noble and Greenberg, 1941; Mason and Adkins, 1976; Crews et al., 1978; Adkins and Schlesinger, 1979; Winkler and Wade, 1998; Rosen and Wade, 2000) . Moreover, inhibition of 5␣-reductase attenuates the stimulatory effects of T on courtship displays (Rosen and Wade, 2000) . However, whereas these data indicate that the 5␣-reduced metabolite DHT facilitates male behavior, it alone is probably not sufficient, as in only half the studies in which it was administered systemically was the hormone effective by itself in stimulating courtship and copulatory behaviors Adkins and Schlesinger, 1979; Huang, 1979; Rosen and Wade, 2000) . In female anoles, 5␣-reductase might act on progesterone to modulate sexual behavior, such as receptivity. Progesterone is another substrate for 5␣-reductase, which is converted into 5␣-dihydroprogesterone (reviewed in Celotti et al., 1997) . Progesterone is one of the main circulating hormones in breeding female anoles (Jones et al., 1983) and clearly facilitates the effects of E2 on receptivity in this species (McNicol and Crews, 1979; Young et al., 1991) . However, the functions of its metabolites have yet to be investigated in anoles.
5␣-Reductase in green anoles also might have a basic function independent of sexual behavior. It may play a supportive role in the brainstem by maintaining neuronal structures or activity. For example, numerous studies of other model systems indicate that 5␣-reductase is important for myelination. In adult male rats the 5␣-reduced metabolites DHT and dihydroprogesterone increase gene expression of myelin-specific proteins in the sciatic nerve and cultured Schwann cells (Magnaghi et al., 1999 ; see also Melcangi et al., 2000) . Also, immunohistochemistry indicates that 5␣-reductase is preferentially located in white matter of the adult rat brain (Tsuruo et al., 1996) , and assays of enzyme activity reveal 5␣-reductase in glial cells, including cultured astrocytes and oligodendrocytes from fetal and neonatal rat brain (Melcangi et al., 1993) FIG. 1. Mean (Ϯ SE) of aromatase activity in whole-brain homogenates of (A) breeding males (n ϭ 6) and females (n ϭ 6), (B) nonbreeding males (n ϭ 6) and females (n ϭ 6), and (C) breeding (n ϭ 6) and nonbreeding (n ϭ 5) males. Each comparison was done in a separate assay. and myelin from the optic and sciatic (reviewed in Melcangi et al., 2000) nerves. Thus, the high levels of 5␣-reductase activity in the brainstem of anoles and other vertebrate species (Denef et al., 1973; Callard et al., 1978a,b) might be due to myelinated motor tracts in this part of the brain. However, the cellular localization of 5␣-reductase in the green anole has yet to be determined.
It is a bit more difficult to speculate on the role of aromatase in masculine reproduction in the green anole. Inhibition of aromatase activity does not diminish T activation of male behaviors, although it does reduce T facilitation of receptivity in female anoles (Winkler and Wade, 1998) . Further, E2 is effective in stimulating masculine behaviors only when implanted directly into the anterior hypothalamus/preoptic area and not when administered systemically (Mason and Adkins, 1976; Crews et al., 1978; Winkler and Wade, 1998) . However, this area accumulates both androgens and estrogens (Martinez-Vargas et al., 1978; Morrell et al., 1979) and, similar to other species (Reddy et al., 1973; Callard et al., 1978a Callard et al., , 1981 Roselli et al., 1985; Schlinger and Callard, 1987; Steimer and Hutchison, 1990; Soma et al., 1999) , it contains relatively high levels of aromatase activity (Wade, 1997) . These studies indicate that the enzyme might play some role in the mediation of male-specific functions other than behavior that are associated with the anterior hypothalamus/preoptic area. Because homogenates of large areas of the brain were analyzed in the present study, it is not possible to determine precisely which nuclei contributed to the sexual and seasonal dimorphisms in aromatase. As with 5␣-reductase, until the aromatase protein is localized in specific regions of the brain, it is difficult to predict how the pattern of expression directly relates to function. It might also be the case that the T sensitivity of the enzyme is a primitive condition of certain cell populations, and it has not yet been coopted for masculine reproductive function in the green anole.
In summary, these results indicate that the green anole is like many other vertebrate species with respect to sex and seasonal patterns of androgen metabolism. In particular, 5␣-reductase was generally equivalent in both sexes and across seasons, whereas aromatase was greater in breeding males than in breeding females and nonbreeding males. Thus, it appears that this pattern of enzyme activity is highly conserved and does not necessarily correlate with the behavioral importance of the enzyme. However, to more completely understand these possible functions of androgen metabolism in the green anole, further studies need to be done to precisely determine the distribution of these two enzymes in the brain.
